Objective-A total of 30% to 50% of patients with bicuspid aortic valve (BAV) require surgery for aortic valve replacement (AVR), ascending aortic replacement (AA), or both. To prevent adverse aortic events, they are risk stratified using imperfect criteria based on imaging modalities. As a result, a significant number of dissections occur outside of the parameters suggested by the guidelines. Advanced glycation end products (AGEs) are associated with valve and vascular remodeling and trigger the release of a soluble receptor (soluble receptor for advanced glycation end product [sRAGE]). This study aims to characterize sRAGE as a diagnostic and risk-stratification tool for patients with BAV referred for surgery. Approach and Results-sRAGE was measured in 135 patients (BAV, n=74; tricuspid aortic valve, n=61) meeting inclusion criteria from 338 enrolled patients undergoing AVR and AA. Univariate and multivariate analyses were performed. sRAGE level was significantly associated with the presence of BAV, independent of age, sex, and common risk factors for vascular disease (P<0.001). Within the BAV cohort, patients referred for AA and AVR had higher sRAGE values than patients undergoing AVR only (P=0.002). Patients with BAV <60 years of age, presenting with both valve and aortic diseases (fast progressors), had higher sRAGE than older patients who only needed AVR (slow progressors). Histological analysis showed that sRAGE correlates with dysfunctional aortic microstructure and does not correlate with aortic diameter (R 2 =0.007; P=0.51) or diameter/body surface area (R 2 =0.011; P=0.42).
I t is estimated that ≈1 in 50 people is born with a bicuspid aortic valve (BAV), making BAV the most common congenital heart defect in the United States. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The presence of a BAV is associated with frequent and premature valve dysfunction, such as aortic stenosis (AS) and aortic insufficiency (AI). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In patients <50 years of age having aortic valve replacement (AVR) for severe AS, virtually all of them have BAV. Until the age of 70 years, patients with BAV outnumber those with tricuspid aortic valve (TAV) having AVR for AS and not until the age of >80 years do patients with TAV predominate. 1, 2, [4] [5] [6] [7] [8] 10, 16 In addition, the presence of a bicuspid valve is a strong indicator of adverse aortic events as these patients have higher occurrence of life-threatening cardiac events, such as ascending aortic aneurysm (thoracic aortic aneurysm) and dissection (thoracic aortic dissection). The current American College of Cardiology/American Heart Association guidelines recommend replacing the ascending aorta in patients with both BAV and TAV undergoing AVR if the ascending aortic diameter is >4.5 cm. However, the optimal timing of aortic surgery in thoracic aortic aneurysm patients remains uncertain for patients with both BAV and TAV. 1, 2, [4] [5] [6] [7] [8] 10, [12] [13] [14] 16 In a recent study, we showed that >60% of patients with acute aortic dissection presented with aortic diameters smaller than those indicated for surgery. 1, 2, [5] [6] [7] [8] 10, [12] [13] [14] [16] [17] [18] [19] Therefore, the current indications for elective surgical intervention are imperfect predictors of aortic dissection and rupture, especially for patients with BAV. 1, 2, [4] [5] [6] [7] [8] 10, 12, 16, 20 Also, of concern is the common development of subsequent ascending aortopathies in patients who have had previous AVR for BAV in the near or remote past. The early and accurate diagnosis of a BAV has therefore important implications for both clinical care and surgical intervention.
A congenital BAV is diagnosed accurately when short axis 2-or 3-dimensional images show 2 leaflets in systole; diastolic images are unreliable as a bicuspid valve with raphe in 1 leaflet may be mistaken for a TAV and vice versa. When images are adequate echocardiography can reach 92% sensitivity and 96% specificity. 1, 2, [5] [6] [7] [8] 10, [12] [13] [14] [16] [17] [18] [19] In the presence of AV calcification, sensitivity and specificity could drop to 67% and 69%, respectively. 1, 2, 4, 5, 8, 10, 12, 20 Higher diagnostic accuracy has been reported in a relatively small sample population using color Doppler transesophageal echocardiography, a method that may be poorly tolerated in frail patients. Because of these limitations, cardiac MRI and computed tomography need to be implemented to improve the diagnostic process. 1, 2, [5] [6] [7] [8] 10, 16, [21] [22] [23] [24] [25] [26] [27] Because of the natural history of BAV leading to premature calcified AV, the use of echocardiography can be limited in patients referred to surgery. BAV is therefore identified via routine echocardiography only in a subgroup of patients with BAV: in addition, echocardiographic identification can be challenging after cusp fusion secondary to inflammation. 1, 5, 12, 28 Moreover, common imaging techniques do not generally provide information on the risk of aortopathies.
Recent studies have also demonstrated that aneurysms associated with BAV exhibit cellular and extracellular matrix differences when compared with TAV aneurysms. [21] [22] [23] [24] [25] [26] [27] 29, 30 These considerations suggest a differential regulation vascular smooth muscle cell (VSMC) phenotype in BAV and TAV aortas, as well as difference response to oxidative damage, which could affect the microregional structure of the proximal aorta. An association between valve and vascular dysfunctions and advanced glycation end products (AGEs) has been described recently. These products seem to play an important role for the development and progression of cardiovascular disease mainly through induction of oxidative stress and inflammation. 1, 2, 7, 8, 10, 28, 31 AGEs are a heterogenous group of molecules formed by the nonenzymatic reaction of reducing sugars with amino acids of proteins, lipids, and nucleic acids. The receptor for AGEs (RAGEs) is a multiligand member of the immunoglobulin superfamily of cell surface molecules. 1, 2, 7, 8, 10, 15, 29, 30 RAGE has been described as a receptor for AGEs, the products of nonenzymatic glycation and oxidation of proteins/ lipids. Later studies indicated that RAGE was also a signal transduction receptor for proinflammatory S100/calgranulins and high mobility group box 1 (HMGB-1)/amphoterin and amyloid-β-peptide and β-sheet fibrils. 1, 2, [6] [7] [8] 10, 31, 32 If coupled with failure of regenerative mechanisms, the AGE-RAGE axis may lead to irreversible tissue injury. 1, 2, 7, 8, 10, 15 Recent studies have shown that s100A12, a proinflammatory protein and a ligand of RAGE, is highly expressed in thoracic aortic aneurysm and dissection. 1, 2, [6] [7] [8] 32 Based on these data, we hypothesized a direct correlation between circulating soluble RAGE (sRAGE) level and the presence of BAV and BAVassociated aortopathies. A predictive, plasma-based, low cost tool for the identification of patients with BAV who are at high risk for aortic complications would therefore improve management, surgical planning, and long-term results.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Circulating Plasma Levels of sRAGE Identify Patients With BAV in a Surgical Patient Population Independently of Age, Sex, and Common Cardiovascular Comorbidities
A total of 135 surgical patients (Tables 1 and 2) matching the inclusion criteria were analyzed ( Figure 1 ). We first examined plasma levels of sRAGE in all patients with BAV (n=74) and TAV (n=61). As shown in Figure 2A , sRAGE mean values are significantly higher in patients with BAV (1765±142.9 pg/mL) than in patients with TAV (733.9±49.26 pg/mL; P<0.0001). Receiver operator characteristic curve was performed to determine whether plasma levels of sRAGE could discriminate patients with BAV and TAV. As shown in ( Figure 2B and 2C), a cutoff of sRAGE plasma level equal to 996 pg/mL maximized area under the curve values to 0.80 and identifies BAV with 63.5% sensitivity and 79% specificity ( Figure 2C ). These patients have concomitant occurrence of aortic valve stenosis/insufficiency and ascending aortic dilatation: because the current American College of Cardiology/American Heart Association guidelines suggest ascending aortic replacement (AA) for patients with BAV and TAV undergoing AVR if the aortic diameter is >4.5 cm, we measured plasma level of sRAGE in the BAV and TAV subgroups of patients with diameter lower than the parameter suggested by the guidelines. In this subanalysis of patients with 27 TAV and 40 BAV, a cutoff of 766 pg/mL maximized area under the curve values to 0.81 and identified BAV with 81.5% sensitivity and 72.5% specificity (likelihood ratio of 3.9; Figure 1C -1E). Tables 3 and 4 , multivariate general linear model ANOVA was performed to evaluate whether sRAGE was a significant and independent predictor of BAV in the data set. In addition to the sRAGE values, factors entered into the model were age, sex, coronary artery disease, hypertension, hyperlipidemia, diabetes mellitus, history of smoking/tobacco use, body surface area (BSA), AI, and AS. The model for the overall group showed that the presence of BAV is significantly and independently related to higher levels of sRAGE. Table 4 demonstrates that this relationship is even more pronounced in patients who have an ascending aortic artery measurement of <4.5 cm. In addition, regression analysis was used to test whether BAV status is predicted by level of sRAGE. A univariate regression model demonstrated sRAGE level was a predictor of BAV status with R 2 =0.151, F(1, 134)=23.9, P<0.0001. Multivariate regression was used to evaluate this relationship considering the effect of age, BSA, AA diameter, sex, presence of coronary artery disease, smoking, hypertension, diabetes mellitus, hypercholesterolemia, and presence of aortic valve stenosis of insufficiency. The R 2 for the overall model was 0.21, F(1, 123)=8.4, P=0.002. It was found that sRAGE significantly predicted BAV status (β=0.309; P=0.005; unstandardized β=692.8 with 95% confidence interval, 218.1-1167.5). No other factors were significant in the model. A multiple regression model was also created for patients with AA diameter <4.5 cm. The R 2 for the overall model was 0.42, F(1, 53)=8.9, P=0.004. It was again found that sRAGE was the only factor that significantly predicted BAV status (β=0.453; P=0.004; unstandardized β=747.2 with 95% confidence interval, 243.9-1250.5).
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Patients Requiring AA Have Higher sRAGE Level Than Patients Requiring AVR Only
Patients with BAV were then divided in 2 subgroups: those who underwent only aortic valve repair/replacement (AVR) because of severe AS or AI (n=30) but no ascending aortic dilatation (diameter <4.5 cm) and those who presented ascending aortic dilatation (ascending aneurysm >4.5 cm) concomitantly to AS or AI (n=30). As shown in Figure 3A , patients with BAV with only valve pathology (mean ascending aortic diameter, 3.7 cm) presented sRAGE plasma values of 1365±150.4 pg/ mL, whereas patients who presented aortic valve pathology and aortic dilatation (mean ascending aortic diameter, 4.9 cm) show sRAGE levels equal to 2209±278.8 pg/mL (P=0.02). Logistic regression was then performed to test whether sRAGE values were correlated with ascending aortic diameter or the ratio between ascending aortic diameter and BSA. As shown in Figure 3B there is no correlation between sRAGE levels and ascending aortic diameter (R 2 =0.007; P=0.51) or the ratio between ascending aortic diameter/BSA (R 2 =0.011; P=0.42).
Furthermore, we divided our patients with BAV population into 4 groups using the age of 60 years as an arbitrary cutoff: those aged <60 years undergoing AVR only, those aged <60 years requiring both AVR and AA, those aged >60 years undergoing AVR only, and those aged >60 years requiring both AVR and AA (Figure 4 ). In the setting of AA development, we considered those patients who required AVR and AA before the age of 60 as fast progressors, whereas those requiring AA and AVR or just AVR above the age of 60 years as slow progressors (P<0.05; Figure 4A ). Interestingly, plasma levels of sRAGE in the fast progressors group were significantly higher when compared with any of the other group, independently of aortic diameter ( Figure 4B ).
Plasma Levels of sRAGE Ligands, s100A12 and HMGB-1, Are Not Significantly Different in Patients With BAV When Compared With TAV
It is known that one of the mechanisms associated with the release of sRAGE in the circulation is related to the shedding of cellular RAGE on activation from its ligands. A subgroup of patients with BAV and TAV was then analyzed for the presence of s100A12 and HMGB-1 in the circulation. s100A12 was measured in a total of 30 patients (TAV, 10; BAV, 20) and HMGB-1 in 38 patients (TAV, 18; BAV, 20) . As shown in Figure  IA 
Plasma Levels of sRAGE Correlate With Altered Ascending Aortic Microstructures
Ascending aortic tissues were then analyzed for patients with BAV using sRAGE values. A subgroup of 6 patients with BAV expressing either high or low sRAGE levels were selected and analyzed by a pathologist based on modified Movat Pentachrome staining. Age, maximum aortic diameter, and sRAGE are indicated in Figure 5A . Quantification of elastin degradation and proteoglycans deposition show that sRAGE correlate with dysfunctional ascending aortic microstructures ( Figure 5B and 5C ). Control TAV level shows, as expected, low level of sRAGE, normal elastin fiber alignment, and limited proteoglycan deposition. Patients with BAV with low levels of sRAGE show, despite great variation in the individual 
RAGE Expression in the Ascending Aorta Linearly Correlates With Circulating sRAGE in Patients With BAV
The expression of RAGE and its ligands (HMGB-1 and s100A12) was tested by Western blotting using whole tissue extracts of ascending aortic tissues excised from n=7 patients already tested for sRAGE ( Figure 5 ). As shown in Figure 6A to 6C, both RAGE and HMGB-1 expression is increased in aortic tissue obtained from patients with high levels of sRAGE and dysfunctional aortic structure. Densitometry analysis and linear regression revealed that RAGE expression (but not HMGB-1) linearly correlates with circulating sRAGE levels (R 2 =0.7229 and R 2 =0.2594 respectively; Figure 6B and 6C). s100A12 expression was not detected by Western blotting. Immunohistochemistry and immunofluorescence were performed to test which cell types in the aorta are expressing RAGE and its ligands. As shown in Figure 5D , RAGE and HMGB-1 expression is significantly increased in dysfunctional aortic tissue of patients with BAV with high levels of circulating sRAGE when compared with those with a conserved aortic structure and low levels of sRAGE. Both RAGE and HMGB-1 expression is evenly distributed through all the aortic layers, suggesting that resident endothelial cells as well as VSMCs and fibroblasts express these proteins. Similar results have been obtained by immunofluorescence analysis ( Figure IV in the online-only Data Supplement). No significant inflammation has been detected in patients with low or high levels of sRAGE ( Figure V in the online-only Data Supplement). Morphological analysis revealed few HMGB-1 and RAGE-positive inflammatory cells (mostly lymphocytes) in the adventitial layer. On the contrary, s100A12 was not detected in the aorta of patients with low levels of sRAGE and was minimally detected in adventitial inflammatory infiltrates in the aorta of patients with high levels of circulating sRAGE ( Figure 6 ).
Discussion
Patients with BAV have frequent and premature occurrence of valvular diseases, as well as ascending thoracic aortopathies. Although aortic diameter, expansion rate, and ratio of aortic area/diameter to body weight/surface are the current indications for elective surgical intervention of the proximal aorta, they are imperfect predictors of adverse aortic events. Current guidelines for ascending aortic aneurysm repair would fail to prevent the majority of acute aortic dissections even with the more aggressive guidelines adopted for patients with BAV. [1] [2] [3] [6] [7] [8] [9] [10] [11] [12] 15 Therefore, the identification of patients with BAV and the ability to risk stratify those at high risk of aortopathies, independently of aortic diameters, is of paramount importance both clinically and socially. Given the role of AGE and its soluble receptor in controlling tissue homeostasis and vascular remodeling, we aimed to characterize sRAGE as a diagnostic and risk-stratification tool for patients with BAV referred for surgery. Several important innovative concepts for the diagnosis and risk stratification of patients with BAV are reported in this article.
Our results show that sRAGE levels are significantly higher in patients with BAV compared with TAV, and that a cutoff equal to 766 pg/mL is able to identify patients with BAV with 82% sensitivity and 69% specificity. The presence of BAV is identified via routine echocardiography only in a subgroup of patients: echocardiographic identification can be challenging in severe stenosis and after cusp fusion secondary to inflammation. 1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 16 Because of these limitations, cardiac MRI and computed tomography need to be used to augment the diagnostic process. Both computed tomography angiography and MR angiography also have relatively high associated costs as well as potential renal side effects related to the administration of contrast dye. In addition, although this is currently the gold standard, routine computed tomography angiography scanning is not recommended in women of child-bearing years because of the radiation exposure. Finally, in the pediatric or frail population, the stress associated with conventional screening may also be a deterrent. Here, it is concluded that circulating levels of sRAGE can identify patients with BAV with higher sensitivity and specificity and independently from the condition of the valve (insufficient, stenotic or heavily calcified; Figures 1-3) .
Furthermore, sRAGE ability to identify patients with BAV and BAV-associated aortopathies is not affected by the presence of coronary artery disease and diabetes mellitus or by common risk factor for cardiovascular diseases (Tables 3  and 4 ). Regression analyses indicate that increasing levels of sRAGE are predictive of BAV status. The relationship of sRAGE levels was confirmed in both a single variable regression model and a model that included all of the patient characteristics available for analysis, reflecting the independent and unique relationship of sRAGE level to BAV status. In addition, this relationship was demonstrated to be even more pronounced for patients with AA diameter <4.5 cm.
These results could have significant diagnostic implications for patients with BAV. The availability of a blood-based test to identify BAV disease creates the possibility of routine screens for patients and family members, thus allowing early identification and surveillance with anticipated better compliance.
It should also be noted that commonly used imaging techniques to assess the presence of a BAV do not generally provide information on the risk of aortopathies (either proximal or distal). We reported that higher levels of sRAGE were detected in patients with BAV with aortic valve pathology and ascending aortopathies when compared with patients with BAV with only valvular pathologies. No linear correlation has been found between high levels of sRAGE and aortic diameter or aortic diameter/BSA in patients with BAV with ascending aneurysm. These results suggest that higher levels of sRAGE may be a marker for the diagnosis of aortic complications in patients with BAV with no linear correlation with aortic diameter. In addition, we reported that patients requiring both AVR and AA <60 years of age (fast progressors) have higher sRAGE levels than any other groups in our surgical population (slow progressors; Figure 4 ).
On the contrary, circulating levels of 2 known sRAGE ligands, HMGB-1 and s100A12, are not significantly different in patients with BAV when compared with patients with TAV and did not show any correlation with sRAGE concentration or ascending aortic diameter (Figures I-III in the online-only Data Supplement).
Finally, we show in a subpopulation of patients with BAV that sRAGE level directly correlated with altered ascending aortic microstructures. Although patients with BAV with low sRAGE show an overall organized aortic microstructure, higher levels of sRAGE are associated with elastin degradation and proteoglycan deposition ( Figure 5 ). RAGE and HMGB-1 are known to be expressed in endothelial cells, VSMCs, as well as inflammatory cells (monocytes and macrophages). s100A12 is mostly released by neutrophils and it is expressed in VSMC within atherosclerotic plaques or after endothelial cell wire injury. More recently, s100A12 has been found in VSMC of human aneurysmal and dissected aorta with variable degrees of expression. Interestingly we found that RAGE tissue expression is increased in the aorta of patients with BAV with high levels of circulating sRAGE ( Figure 6 ). Furthermore, the expression of RAGE in the tissue linearly correlates with the levels of sRAGE in the plasma of the same patients suggesting that RAGE activation in the tissue may be responsible for the shedding of the receptor and consequent release of sRAGE in the circulation. HMGB-1 expression is generally increased in patients with dysfunctional aortic structure and high level of circulating sRAGE but its expression in the tissue did not show a linear correlation with sRAGE levels ( Figure 6 ). Immunohistochemistry analysis suggested that both RAGE and HMGB-1 expression is evenly distributed through all the aortic layers suggesting that resident endothelial cells as well as VSMCs and myofibroblasts express these proteins. Similar results have been obtained by immunofluorescence analysis ( Figure IV in the online-only Data Supplement). It has been previously shown that the ascending aorta of aneurysmal patients with BAV do not present high levels of inflammatory cells as opposed to aneurysms of patients with TAV. 22, 33 Few inflammatory infiltrates, mostly present in the adventitial layer ( Figure V in the online-only Data Supplement), were found in the aortic tissue of patients with low and high sRAGE levels and they also express both RAGE and HMGB-1. s100A12 was undetected in the ascending aortic tissue by Western blotting analysis and minimally detected by immunohistochemistry in Figure 6 . Receptor for advanced glycation end product (RAGE) expression in the ascending aorta linearly correlates with circulating sRAGE in patients with bicuspid aortic valve. A, RAGE and high mobility group box 1 (HMGB-1) expression tested by Western blotting analysis of whole aortic tissue extract. GAPDH was used as loading control. B and C, Graph representing the linear correlation between RAGE or HMGB-1 expression in the aortic tissue (quantified by densitometry analysis) and soluble RAGE (sRAGE) plasma levels in respective patients. C, Representative images of HMGB-1, RAGE, and s100A12 staining performed on optimal cutting temperature compound section of ascending aortic tissues excised from patients with low or high levels of circulating sRAGE (magnification, ×10 and ×4). few adventitial inflammatory infiltrates. These findings are suggesting that HMGB-1 but not s100A12 may contribute to the activation of tissue RAGE that ultimately results in circulating sRAGE accumulation. Our results are in accordance with the 2-hit model for vascular perturbation mediated by RAGE and its ligands postulated by Schmidt et al 34 . The 2-hit model hypothesizes that the first hit is increased expression of RAGE and its ligands within the vasculature. Various forms of stress (ischemic stress, immune/inflammatory stimuli, physical/hemodynamic stress, or modified lipoproteins) represent the second hit, which leads to exaggerated cellular response promoting development of vascular lesions.
Although larger group size and further prospective studies are needed, our results provide evidence that testing sRAGE in the plasma may be an important step in the development of a blood-based tool for the diagnosis of BAV and BAV-associated aortopathies. The availability of such a diagnostic tool would have important outcomes for public health: first, it would provide a low cost tool for the identification of patients with BAV in addition to the current imaging techniques. Second, it would open the possibility to routinely screen BAV family members allowing an early identification and surveillance of this population. In addition, our study suggests that plasma levels of sRAGE could be used for the risk stratification of patients with BAV for adverse aortic events. Low-risk patients (low sRAGE plasma level) could be spared costly follow-up or surgical intervention, whereas high-risk patients (high sRAGE plasma level) could be followed up closely both clinically and surgically. This study opens a new direction in the risk stratification of BAV and aortic aneurysm patients; although aortic diameter and expansion rate remain key factors in the diagnosis and prognosis of adverse aortic event, our study highlights the need to link aortic wall microstructure-determined by the impact of AGEs on VSMCs and extracellular matrix components-to the risk of dissection/rupture independent of metric measurements.
